A puzzle for neuroscience -and robotics -is how insects achieve surprisingly 11 complex behaviours with such tiny brains 1,2 . One example is depth perception via 12 binocular stereopsis in the praying mantis, a predatory insect. Praying mantids use 13 stereopsis, the computation of distances from disparities between the two retinas, to 14 trigger a raptorial strike of their forelegs 3,4 when prey is within reach. The neuronal basis 15 of this ability is entirely unknown. From behavioural evidence, one view is that the mantis 16 brain must measure retinal disparity locally across a range of distances and 17 eccentricities 4-7 , very like disparity-tuned neurons in vertebrate visual cortex 8 . Sceptics 18 argue that this "retinal disparity hypothesis" implies far too many specialised neurons 19 for such a tiny brain 9 . Here we show the first evidence that individual neurons in the 20 praying mantis brain are indeed tuned to specific disparities and eccentricities, and thus 21 locations in 3D-space. This disparity information is transmitted to the central brain by 22 95 information to the contralateral optic lobe, but also receiving information from the contralateral 96 eye via other COcom-neurons, and in this way generating its binocularity (see below).
neurons connecting peripheral visual areas in both hemispheres, as well as by a unilateral 23 neuron type. Like disparity-tuned cortical cells in vertebrates, the responses of these 24 Table 1 ). A possible neuronal circuit comprises a COcom-neuron transmitting visual A wire platform supported the brain from anterior to further stabilize it. During recording of 168 neural activity the brain was submerged in cockroach saline. with Spike2 software (Cambridge Electronic Design, UK). About 0.1-1 nA of depolarizing 180 current was applied for several minutes to iontophoretically inject Neurobiotin immediately 181 after recording and in some recordings in-between the stimulus sequences. We only injected 182 and analysed those neurons for which we could acquire responses to the presentation of at least 183 10 repetitions of the bar stimulus. Microsystems) by treatment of the brains with Cy3-conjugated streptavidin (Dianova, 191 Hamburg, Germany) as previously described 13 . 192 193 Visual stimulation 194 We used anaglyph technology 3,12 to present 3D stimuli on a computer monitor (DELL U2413 195 LED). Tethered mantids watched the computer screen through spectral filters while we 196 performed neuronal recordings in their brain. We presented stimuli with different colours 197 (green and blue) that matched the spectral properties of the filters so that each eye saw only the 198 image it was intended to see. The computer screen was positioned at a viewing distance of 10 199 cm from the praying mantis. 200 All stimuli were custom written in Matlab (Mathworks) using the Psychophysics Toolbox 28-30 . 201 We presented two main stimuli for the current study. Most importantly we analysed monocular 202 and binocular response fields of neurons with a flashed bar stimulus. For this we divided the 203 region of binocular overlap into 6 non-overlapping vertical stripes of 12.8° horizontal and 99.5° 204 vertical extent (Fig. 1f ). In this way we covered almost 77° of the fronto-azimuthal visual field. 205 This is slightly wider than the approximately 70° binocular overlap of praying mantids 6 . Bars 206 were presented either to one eye only, for recording monocular response fields, or two bars 207 concurrently, one for the left and one for the right eye, for determining binocular response 208 fields. 209 We used bars instead of structures with smaller vertical extent because of the 210 comparatively short recording times possible with sharp electrodes. In this way we avoided the 211 need to identify receptive field elevation while enabling us to vary horizontal disparity, the 212 difference in the bar's location between left and right eyes. Because insect eyes are offset 213 horizontally and fixed on the head, horizontal disparity along with visual direction specifies a 214 unique 3D position in space 5,31 , as shown in Fig. 1f . All bar combinations, including both 215 monocular and binocular conditions, were shown in pseudorandom order. The bars were 216 displayed for 250 or 500 ms with a pause of the same duration in between each presentation. 217 After all bar positions had been displayed a pause of 1.7-4.5 s followed, before the procedure 218 started again. 219 The second stimulus was similar to what was found earlier to be a very effective elicitor of the 220 praying mantis prey capture strike 3 . A 22°-diameter dark disc in front of a bright background 221 appeared peripherally and spiralled in towards the centre of the screen (Fig. 1d ). On reaching 222 the screen centre, after 5 s, it stayed there for 2 s before vanishing. Small quivering movements 223 were superimposed on the principal spiral trajectory and in the final 2s stationary disc phase. 224 The disc was simulated to float at 25 mm distance in front of the praying mantis in order to 225 simulate an attractive target in catch range of the animal. This was achieved by presenting one 226 disc on the left hand side, which was only visible to the right eye and a disc of identical 227 dimensions slightly shifted to the right, which was only visible to the left eye. We refer to this 228 stimulus condition as the "near" condition. As a control condition, the left and right eye discs 229 were swapped so that the right eye now saw the right hand side disc and the left eye saw the 230 left hand side disc (cf Extended Data Fig. 1c or a 10x or 20x dry lens (SP8). The detail scans of the neuritic endings in Fig. 2b and c were 236 done with a 63er glycerol immersion objective lens and the SP5 microscope. The SP5 237 microscope was located in the Biology Department of Marburg University (Germany) and the 238 SP8 microscope in the Bioimaging Unit at Newcastle University (UK).
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Neuronal reconstructions were done with the SkeletonTree tool within Amira 32 . The 240 reconstructed neurons were registered manually into a reference lobula complex 13 in Amira 241 5.33. The schemes of the mantis brain were done in Adobe Illustrator CS5 (Adobe Systems, 242 Ireland). Table 1) . 255 We interpolated all binocular response fields from 6x6 to 100x100 with the Matlab function 256 "imresize" in bicubic mode. An example raw plot and its upsampled version is shown in Neuron rr170403 was only weakly stained and it was not possible to trace the main neurite into 259 the central brain. Moreover, in the confocal scan it was partly superimposed by a second even 260 weaker stained projection neuron. We included rr170417 in our analysis, because we consider 261 it most likely to belong to the TAcen-class of neurons as identified by its typical ramifications 262 in the anterior lobe of the lobula complex. factor therefore means that the response differed between at least two different bar positions 270 for the respective eye, and/or the response differed for at least one bar location from the 271 spontaneous rate. A non-significant interaction term means that binocular response was well 272 described by the sum of monocular responses; a significant interaction means that they combine 273 non-linearly.
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Responsiveness to the spiralling disc stimulus was determined for a selection of neurons via For simulating response fields we applied a linear-nonlinear model developed for vertebrate 281 stereopsis 10 . The model assumes that visual stimulation contributes excitatory or inhibitory 282 input dependent on the eye and location of the stimulation; that is, the model contains receptive 283 fields for both the left and the right eye (Fig. 1h ). The inputs from both eyes are filtered by the 284 receptive field and then summed linearly along with a tonic input, necessary to account for a 285 non-zero background rate in some neurons. If the result is negative or zero, the mean response 286 is zero. If the result is positive, the mean response is given by its value raised to some exponent.
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. Statistical analysis). A significant interaction term in the 2-way-ANOVA is indicated by "I", Response field headers state neuron ID, stimulus type and outcome of two-way-ANOVA with "L" ("R") being significant left (right) eye input and "I" significant interaction term (see Extended Data Table 1) 
